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Figure 1 . LO Iniet Design Drivers 
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induction system aerodynamic characteristics. Conceptual wind tunnel model designs, with high payoff 



Figure 2. Study Technical Approach 
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Figure 6. Notional MRF Maneuvering Envelope Requirements 
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TAC BRAWLER and the MDC STRIKER mission analysis codes have been exercised fora number of con- 
ceptual fighter and attack aircraft concepts. The results of these studies for any given weapon system are 
sensitive, and often highly classified. 



NASA CR 189714 



Figure 7. AMA Maneuvering Envelope Requirements 
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threat “lay-down” for the AMA Deep Interdiction mission, and the anticipated use of terrain-following to mini- 
mize the radar horizon. 





Figure 1 0. Notional AMA Signature Goals 



Infrared (IR) signatures are also a concern for tactical aircraft, Figure 11 . The inlet may be utilized to 
provide cooling air to the nozzle for tail sector hot part cooling for low altitude attack aircraft. This cooling 
air impacts the inlet sizing, boundary layer management, and internal ducting configuration. 
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The MRF 1006 configuration was developed for the Reference 10 study, and refined for this study 
through redesign and sizing of the air induction system. The MRF 1 006 incorporates a bifurcated air induc- 
tion system, Figure 1 3, consisting of a diamond cross-section LO forebody, twin side-mounted 7° compres- 
sion symmetrical “caret” inlets, an eight-edge planform-aligned serrated cowl, and a bifurcated subsonic 



Figure 13. MRF 1006 Iniet/Air Induction System Design 






diffuser, utilizing a full-length splitter from the engine face forward. The design includes two short, (2.25”), 



Engine Airflow Schedule, PW SE 564 



resultant inlet capture area is 936 in 2 with an 888 in 2 throat, (5% contraction - all internal). 
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Figure 20. MRF 2001 Iniet/Air Induction System Design 
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Figure 23. Advanced Medium Attack Configurations 






The inlet throat was sized for the F412-GE-400 turbofan engine at Mach 1 .0, 36089’, which has a rated 
airflow of 209 Ibm/sec. The resultant inlet capture area is 740 in 2 per side with a 645 in 2 throat area, (13% 
contraction - all internal). By comparison, the F/A-18 inlet throat area is approximately 450 in 2 per side 
with 1 8% internal contraction. The AMA inlet throat was sized to pass 209 Ibm/sec of airflow at 95% critical 
flow per unit area, or a throat Mach No. of .767. 



fe 

CO 

CL 

O 

< 

< 

z 


C 0* 

o w £ 

0C>O 

£ ■ 0 
0 £ 

£25 

N Q-I 

^ iS o 

£ O 
O o co 
i-v N 0 

Q ojE 

<.-C r- 

+-* "2 S= 
0 S CO 
0 CO SZ 

i§i 

JSE5 

o © 

■^ > o 

co ^: £ 

-Si 


CD 

O 


0 CO 

I- 

■S c 
^ O 
co 


0) 

«c 


c 

o 


3 

£ 

■o 

T) 


£ 
<0 

(1) 

is- -8 

> t o 
$ 0 .£ 
3?g 

o a) 

0 O ■*- 


TJ 

CD 

c 

D) 

00 

0 

"D 

C 

O 


£8 

SIS 

“* E c 
0 © to 
W y 2= 
$S -2? (0 

-C Q. jr 
- <Q ^ 

JO =5 C 

W £ S 

0 £ >fc 

3 5® 

CO H_ ;£ 

Ll CO u. 
ur ^ £ 
a) , n 

11 ® 

TJ 0 0 


O) Q) 
CO 

c 

CO 

E 


CO 

-C 

co~ 

CM 

fi 

=3 


cO 

8 

CO 

o> 

c 

'co 

CO 

2 

o 

c 

> 

_c 

o 

o 

E 

CO 


Si 

r -s 

4- -Q 


O) <0 
“O 

c 

CO 


o £ 


c _ — 
c £ ^ 

(Dn^T 

13) 
c 
CD 


CO 

0 . 
CO CD 
CO CM 

o ’ 




- 15-y £ 


0 o 
o ^ 


0 

Q. 


i-x. viz 

= H= 

is *° 

to 0 


o £ 


CO H o 


c 

o 


< 

<?s 

® §3 

-!= 0 
CO 0 
SZ CO 


M-T 0 *2 c 
— *- (0 


•+-S 0 

c o 

£ £ 
0 0 
O.X 

2 t: 

0 


1 

E 

X 

2 

a. 

D. 

CO 

0 


2 

0 

2 

0 

L. 

0 

0 

13 

3= 


C £ — 

E co "o 




0) 





I s "* 

CD 

CO 


cc 

o 

< 

CO 

< 


0 “O 
&& § 
e 

$ £ o 

<0 > -5 

o > 2 

- J2 3 

-'I 8 

o ° 
cq<d 
o •— o 
o Q- © 

c^o> 
~ TO c 

> *- 'o> 
ra'O C 
c c <D 

!=" ® © 
**- 4=: := 
o 0 *£ 

O c O. 
C > si 
O 5.t; 

°> <o 5 

© © »_ 

<g 12 8 

i&i 

12 S-o 

« g 2 


W ® i 

© H- g 

■S • D) 

TJ c ^ 
® © ~ 5 
© 

.c 


2 


5 o 

© tr 


*= o jc ■= 
o E- tr 58 
s oS2 

.!= o c .£ 
© c •- o> 
— O) c 

"111 

III 


o 

8 


■e o-= © 

(0 2^-c 

°-© $ r 

■sfi ® 

■5 >c 

O "0 ° 


0 


Q.E O 

o 2 2 

p o *“ 


CL 

CO 

o 


0 ^ 
CD 9 
CO 


c c a) 


•p CM C 
£ O <D 
l_ O Q. 

£ < © 

tj2* 

© < t 

g-o £ = „ 

ijE“io,5 

8 * 

“D c 0 


C 

o 

c “c 
- 0 C 

0 g E Q 
S'l 
S - 2! 

« O vO 3 

s 00-0 

CO O) 00 0 
OT3£ N 
‘ 0 -tr </) 

CD 


CD 

' x 


eg .2 -g 3 

S E ® 

N Ol.£ 

w 1 ‘S 

|§l 

,5>cm O) 

LL V -| 

o © ® 

o .c •*■■- 


'■o 2 g 

2 « o 
-2 o o 


CD 


CD 


$5+- d) 


Q-'t- -tr* .= 

O 0 CL CO 
o c 0 /- 
a ■- o E 

0 Cl) CM CO 
u. X C *- 

E O T - © 

© O) -p 

§ $ 9 

- s ts 8 


< 

CD 

_C 


o 

5 CQ 
o 
E 


0- 0 


Q_ 

O 


CD O 
0 C 


b j£ 

n * 


_ 52 

0 3 


CO c .£ 


c P 



o 0 CO 


CD 

x 


si 

LO P 


CD 
CD 
c 

0 _ 
q_ CD 
*“*" CD 


0 O 


CD 


in 

00 


D 0 

t? 

5 

0 


0 
0 
lt= 

o 

0 
4—1 

o . 
t: o 

0 _Q 

o’ c 

CO 

M— 

o 

a 

rl 

0 

(§ 

X 


x o 


■O 

c 

0 


c 
0 
E 
0 
a 
0 
ac 

CD O 


0 

-C 


x 
- .*♦=; 
oo $ 

P 0 


1_“ X} » 
0) 


to <0 
» £ 
cf 

.o d) 

0 0 

£ £ 

T3 “O 


c J3 


U 

| 

2 

g .23 
8 $2 
sii 

c5t- 

| e 

i a 

0 o 

I- 

s <e 

"S.P* 

c 0 

■5 0 ) 

> “0 
0 c 
0 
0 
XI 


0 
o 

3 
0 
c 

O) 
c 
0 
0 
X 

* c Q 


0 

E 

3 


0 
0 
X 0 

CD £ 

CM x 

2 
3 0 


O) 

3 


CD ^ 

O) = 

® E ^ 


8 


ifc I — ^ 

® 2xf 

m 


O C 
0 .2 
£ -S 
•5=g 

gs 

*- T3 

s? 10 
^ .© 


© 

2 

0 

D) 

C 

*0 


o 

c 


g'S 

0" 0 
0 0 
0 ijr 

CM £ 
< 2 


0 

o 

c 

o 

ts 

c 

3 

>4— 

0 


E 0 

0 0 

2 ?i 

o ^ 

CD Q) 

2£ 

co H- 


0 >> 

X 


E 

0 

0 

T5 


•D 

C 

0 


0 

0 


_ 0 

< 

0 

£ 0 

H stT <2 

2o 


I 

t: cd 


D) 

X 

0 

X 


X CM 


0 
0 
C X 


=1 <d 

Px 

X 4-1 


0 

O 

13 



|<o 
o 00 ca 
pj cir 
II II H 



Figure 28. AMA 002 Subsonic Diffuser Geometry 
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Figure 29. AMA 002 Subsonic Diffuser Area Distribution 
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Figure 30. AMA 003 InleVAir Induction System Design 
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• Deployment - Making it happen. 

QFD starts with the “Voice of the Customer (VOC)”. In the ideal setting, the configuration development 
team gathers the end user’s needs and expectations. The team has to carefully analyze these inputs to 









avoid only providing what they expect or believe that the end user needs. Conceptual models can be used 
to help better understand how the user will evaluate the quality of the product. 
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overall inlet design in different directions. 








Figure 34. Quality Function Deployment (QFD) Analysis 
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The fourth trade study examined the impact of the engine front frame configuration on front frame RCS, 
anti-icing potential, recovery, weight and cost. This study was performed using data provided under sub- 
contract by Pratt and Whitney Aircraft, and under a complementary I RAD study performed by General Elec- 
tric’s Aircraft Engine Group. The fifth trade study examined the inlet cowl lip and subsonic diffuser wall 
material selection from a weight, performance and cost standpoint. Material candidates examined included 


0 03 0 

c ©-^ 

111 

© * 2 
c 8 s 
c|| 

"5 

Q.-0 DC 
92< 

c — 2 
.S> as ~ 
b c y 
© o 9 
-o-*= 

-o & £ 
a> =3 3 
O Q. -*=i 

C e 2 
So® 
£ ° = 

£ E a. 

DC (0 O 
< O) E 
0 2 2 
2 a.* 

o> © -tr 


= g-fi = 
|8g « 

e- o> o 2 
E © © w iZ 
o -o r E l T 
8-ot> § fc 

o -9 £ a. 5= 

C 5 

Jj&l 2 

3 '5. « o' |> 
to E (0 0 5 

® ® B & ~ 

^ O) c -D ]j> 
S ^ c 

m 32 **2 O) — 

2 3 & O 


CO' 

.g> c ? 

r®3 
>, 2 o 

■5 s 8 I 

0 2 1 ■ 

1 s g 

Ego 

tg T3 c ^ 

a> 7c sT 
o. c o 

0 © **- 

HI' 

£ J! 0 ^ 

•*-* c - 

■o ° m ■ 
c c ? 

(0 o is 

.9 to o 
g 3 C S 
w ra.Q . 

Jr tj= C/5 
® £ 3 

o. o a= 

3 0”. 
w ® o : 

_g£*g. 

j= >0- 

7^2 

1 X) 0 - 

>®a 

= I 

35 = 8' 

TJ ■- > - 
2^2 
h to a 

i_ £ c - 

® b> § 
8.52 6 
iE € w' " 

^ 9l" 
c co I - 

k . l — 

0 0 C 

E c .9 - 

iu .g>to 

*. •*- i= 
to © = . 

1 8#: 

“ I § 

E ° 

r O CL- 

Hig 

€0 0-2 


external diffuser design becomes, the more efficient the inlet s supersonic recovery, Reference 13. 
efficiency comes with a price, however, in drag, weight, and potentially Radar Cross Section (RCS). 




The notional MRF supersonic requirements include a V max of Mach 1.6, and an 0.8 to 1.6 Mach No. 



Oblique Shock Attachment 
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Figure 41. Cowl Lip Cross-Section Geometry 
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tion by use of LO doors and seals, and placement on the aircraft in unobtrusive areas, such as the aircraft 
topside. For these reasons, incorporation of an auxiliary inlet in an aircraft with stringent static or low speed 
inlet performance requirements, such as V/STOL aircraft, or an AMA aircraft, can be beneficial. 
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Figure 45. Effect of Cowl Up Rotation on Transonic Maneuvering Performance 
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Figure 46. Comparison of Inlet Local and Aircraft AOA for Various Inlet Locations 



al-based cowl lip structures may allow PST maneuverability with uncompromised signature and transonic 







Mach 0.3/60° Angle-of-Attack 



Figure 48. MRF Post-Stall Inlet Recovery Predictions 
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include offset in the plane 90° from the double offset plane. 




The aerodynamic risk of a diffuser may be assessed by cross-plotting its area ratio and average wall 
angle (including diffusion and turning), Figure 49. The F/A-1 8 and six concept diffusers characteristics are 



Average Wall Angle, 0 - degrees 


Figure 49. Subsonic Diffuser Aerodynamic Risk 
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Figure 52. Subsonic Diffuser Offset Loss Correlation 
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Figure 53. Comparison of CFD-Based, Offset Correlation, and Experimental Test Pressure Recoveries 

for Serpentine Diffusers 


the CFD code providing better fidelity to the experimental results. As a result, the NASTD code was used 
to analyze the AMA 003 serpentine diffuser, Figure 54. These analyses showed that offset losses can be 
minimized or eliminated altogether with careful design, and that peak local wall angle may be a better per- 
formance predictor than total offset alone. The AMA 002, also analyzed with CFD, with 2-plane offset and 
large local wall angles is predicted to have the highest losses in the study. 
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5 predicted to have performance —1.0% better total pressure recovery than the F/A-l 8 due to their reia- 
My short lengths and low offsets. The MRF 1209 serpentine diffuser is predicted to have —2% more 
sure loss than the MRF 2001 diffuser due to 50% more length, and higher offset. The AMA 001 and 
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MRF and AMA subsonic diffuser cavity returns are a strong function of the diffuser shape, enr 
obscuration, and wall attenuation properties. To assess the diffuser design impact on cavity r 
diffusers developed for this study were analyzed using MCAIR’s CAVERN cavity RCS pr 
Analyses were conducted on CAD-generated duct geometries having metal, RAM an' 





attenuation properties, and a metal engine face. RCS returns were predicted at azimuths from +45°, and 
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shortest and lightest. The AMA 001 duct is heaviest, primarily due to its extreme length, (6.1 L/D). The 
AMA 003 duct is intermediate, and suffers a 7% wetted area penalty due to the 1 5% increase in duct area 
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signature and work best together. PW’s recommendations on front frame configuration for each MRF and 
AMA configuration are presented in Reference 25 and Figure 59. 
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tive use in any practical application. A low frequency-tuned RAS is approximately 65% heavier than alumi- 
num, but far lighter than multi-layer RAM. 
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MRF, aggressive shaping coupled with RAM-coating on the duct and production front frame probably pro- 
vides the most cost-effective solution. For an application like the AMA, a RAS duct is probably a require- 





trated in Figure 67. For a nozzle pressure ratio of 3.0, 15% flow pumping requires a secondary pressure 
ratio (Pisecondary/Pambient) of 1.5 or greater. At Mach 0.9, an important ingress flight condition for Deep 



0.85 



Interdiction aircraft, the ram pressure ratio is — 1 .7. The secondary airflow system must therefore deliver 
airflow to the nozzle plenum with pressure losses of no greater than 12%. 



secondary ducting or engine bay pressurization, but does not add to the nose sector RCS. For this reason, 
the use of a diffuser offtake system is preferable for configurations with aggressive RCS requirements. 
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MRF air induction system weights are compared in Figure 72. MRF 1 209 has the lowest overall weight, 
primarily due to omission of the engine front frame. MRF 2001 has the lowest diffuser wetted area and 
diffuser weight. Inlet relative costs are summarized in Figure 73. Again, because of the omission of the 
engine front frame, the MRF 1209 has substantially lower cost than the other concepts. 
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Figure 74. QFD Ranking of MRF Inlet Concepts 
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Figure 76. AMA Radar Cross Section Comparison 

AMA inlet performance and drag effects on installed thrust are compared in Figure 77. The AMA 001 
and AMA 003 have essentially the same performance at both Single Engine Rate-of-Climb (SEROC) and 
transonic conditions. The AMA 002 suffers a 5% thrust penalty at SEROC, and 3% at transonic cruise due 
to slightly higher diffuser recovery losses, and significantly higher front frame losses. 
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Figure 77. Comparison of AMA Inlet Recovery and Drag Effects on Thrust 
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Figure 78. Comparison of AMA Inlet Weights 
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Figure 80. QFD Ranking of AMA inlet Concepts 





NASA CR 189714 



Figure 81 . TOGW Ranking of AMA Concepts 
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4.1 DATABASE DEFICIENCIES 

Low risk, high confidence conceptual design of LO air induction systems depends, fundamental! 
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before prototype first flight, 80 months before aircraft first flight and 120 months (10 years) before IOC! 
These long development times require that technology concepts which shape the aircraft moldline must 
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Figure 84. Fighter Aircraft Development Program Experience 
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Figure 88. AMA Front Frame Technology Roadmap - 2005 IOC 













NASA CR 18971 4 



30'x60' • NASA LaRC 30* x 60' Low Speed W)ndTumej 

ARCH -NASAAmesRC 11' Transonic Wind Tunnel 

LaRC^xe* - NASA LaRC 8' x 6' Supersonic Wind Tinnal 
LaRC 10‘xlO 1 -NASA LaRC 10*x 10* Supersonic Wind Tunnel 
ARC9 l x7' - NASA Ames RC 9' x 7' Supersonic Wind Tunnel 


Each technology roadmap represents a comprehensive aerodynamic and LO integration (RCS) devel- 
opment plan including a series of graduated risk component and integrated tests which utilize a number 
of different aerodynamic and RCS test facilities and techniques. Aerodynamic development begins with 
full three-dimensional Navier-Stokes Computational Fluid Dynamic (CFD) analysis of the entire propulsion 
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scale inlet hammershock simulator for assessing dynamic wall pressure loads in arbitrary ducts, 



(serpentine, bifurcated, etc.). This facility couples a small-scale bellmouth diffuser model to a shock tube 
hammershock simulator. 
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Figure 91 . AMA Aerodynamic Test Plan 

Integrated Inlet Model 



features are established using data from previous component testing. Finally, all surfaces are mathemati- 
cally defined to allow CFD grid, NASTRAN and numerical-control (NC) machine path generation. 
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requires an initial estimate of the propulsion system total pressure losses. Finally, the analyst runs the flow- 
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The surface definition for both the M RF 1 209 and AM A 003 configurations were obtained from Unigraph- 
ics (UG) files. Grid points were distributed over the surface and clustered to resolve areas of high curvature 
and discontinuities. Multi-block grid topologies were developed to model each component (forebody, inlet, 
diffuser, etc.) of each configuration individually. With this approach, the mesh is designed to optimally 
resolve flow gradients on each component. 
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B. Surface Grid Trimetric gpz*o 477 -i 28 -v 


Figure 96. AMA 003 Multi-Zone Surface Grid 

The solution is executed iteratively on each zonal computational mesh to satisfy input boundary condi- 
tions. The flow equations are evaluated using second-order-accurate finite differences. The partial differ- 
ential equations are modeled in their conservative form. The explicit terms are computed using upwind or 
central differencing. The implicit terms are computed using an approximately factored scheme. 



ramp surface through use of a special boundary condition in a zone from the diverter leading edge to just 
aft of the cowl lip. The bleed is fixed at 5% of the captured airflow. 
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strut-sting interface with low interference pressure instrumentation “bridging” to measure throttle-depen- 
dent changes in inlet drag characteristics. Full inlet drag characteristics can then be assessed by referenc- 
ing the data at a aerodynamic reference mass flow ratio measured on an appropriate aerodynamic force 
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Figure 105. AM A 003 Integrated inlet Model Concept 

Plan and Sheer Views 
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APPENDIX A - SUPERSONIC INLET SIZING PROCEDURES 
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A.1.1 Inlet Airflow Components 



siaerea, ana it is arrricuit to generalize insotar as the required amount is concerned. Typical Mach 2.0 inlet 
bleed schedules require between 3 and 8% of engine airflow. The F-18 C/D inlet bleed schedule is pre- 
sented in Figure A-2 as an example. 


Bleed Flow 
Ratio 



normal shock. Operation with some subcritical spillage is generally desirable for low duct distortion and 
to allow for engine transient airflow changes. A typical value for this spillage is 3 to 5 percent of the airflow 
at the cowl lip station. 




A.1.2 Inlet Sizing - The use of the inlet airflow components to derive the basic sizing equation is 
described below. Airflows are expressed in terms of their “equivalent freestream areas”. 

The sum of the engine dependent airflows is defined as the aifrlow required by the engine, that is 
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spill or bypass will be necessary to match the duct airflow to that required by the engine, i he maximum 
engine corrected airflow at the highest flight Mach No. occurs at the tropopause (11000 meters or 36089 
feet pressure altitude), because engine airflow is usually scheduled as a function of TT2 or engine face total 
temperature. For this reason, inlet sizing is usually accomplished using engine airflow lapse at 36089 feet 
pressure altitude, on either standard or cold day atmospheric conditions. 
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